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Abstract: The corrosion resistance of aluminum (Al) cable−copper (Cu) terminal joints fabricated by magnetic pulse 
crimping (MPC) and hydraulic clamp crimping (HCC) was compared. Performance degradation was evaluated by 
mechanical and electrical properties. Additionally, corrosion behavior was analyzed by electrochemical testing. 
Microscopic characterization was performed by scanning electron microscopy (SEM) and energy dispersive 
spectroscopy (EDS). Results show that the tensile strength of the corroded joints is reduced. However, due to the 
advantages of high-speed forming and contact tightness unique to MPC, the contact resistance of the corroded joints 
still maintains excellent. Electrochemical tests demonstrate that the MPC joints have higher corrosion potentials and 
smaller corrosion currents, providing better corrosion resistance. The formation of a primary battery between Al and Cu 
at the lap joint leads to the formation of severer corrosion pits. 
Key words: magnetic pulse crimping; aluminum−copper cable joint; salt spray corrosion; performance degradation; 
corrosion mechanism 
                                                                                                             

 
 
1 Introduction 
 

With environmental protection emerging as a 
global consensus, renewable electricity is gradually 
displacing fossil fuels. [1]. Meanwhile, cables, as a 
major tool for electricity transportation, have 
become the focus of the attention of researchers 
[2−4]. The use of aluminum (Al) in place of copper 
(Cu) for wires and cables is becoming an industry 
mainstream trend [5,6]. This is caused by the 
increasing price of Cu and the lightweight and 
excellent electrical conductivity of Al [7−9]. 
However, the application of Al instead of Cu cable 
involves the challenge of joining dissimilar 
materials. Fusing techniques such as laser beam 

welding tend to produce brittle intermetallic 
compounds (IMC) in welded joints, which could 
make it difficult to ensure strength and electrical 
conductivity [10]. For purely mechanical 
connection methods such as bolting, the clamping 
force needs to be considered to prevent failures 
from loosening [11]. Consequently, achieving a 
low-resistance, high-strength, and highly reliable 
connection between Al cables and Cu terminals 
remains an urgent challenge. 

Magnetic pulse crimping (MPC) is an 
emerging joining process developed from 
electromagnetic pulse technology (EMPT) [12]. 
Lorenz force generated by electromagnetic 
induction is used to drive the outer tube to deform 
at high speed, which results in a locked structure.  
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The impact velocity of MPC is huge and hardly 
generates additional heat [13]. The high-velocity 
impact can break the impurities and oxidation 
layers on the metal surface, thus greatly reducing 
the contact resistance of the two metals [14]. Hence, 
it has unique advantages in power transportation. 
Additionally, MPC is a highly efficient, green 
production, low energy consumption, and easily 
automated process [15]. 

In-depth investigations on process parameters 
and connection structures have been carried out by 
many scholars due to the multiple advantages    
of MPC. WEDDELING et al [16] designed joints 
with different structures and performed strength 
prediction. This allowed the light weight of the 
frame structure while maintaining high strength. 
LAI et al [17] performed quality inspection using 
vision for MPC joints of dissimilar materials. The 
images were processed using the Steger algorithm. 
Moreover, a neural network was successfully used 
to establish the relationship between contour and 
quality. KUMAR et al [18] added adhesive to MPC 
for the joint. The results showed that the addition of 
adhesive enhanced joint strength and air tightness. 
The crimping of Al−Cu wires employing magnetic 
pulses was achieved by RAJAK and KORE [19]. It 
had also been demonstrated that the joints under 
this process were more uniform, less resistive, and 
stronger than conventional crimped joints. KUMAR 
et al [20] developed a finite element model for 
analyzing the deformation and strength pattern of 
copper−steel electromagnetic crimped joints during 
the joining process. The accuracy was also verified 
using mechanical properties experiments of joints 
with different structures. 

Whereas, most of the current research was 
conducted on the process and structure. The 
corrosion resistance of the joint is equally important 
in the application. Especially for dissimilar material 
joints prone to stress corrosion problems because 
their microstructure and chemical composition are 
very different [21,22]. The stress corrosion of 
SA508-309L welded joints was studied by DING  
et al [23]. Furthermore, the joints were treated   
by a pulsed current to eliminate the spinodal 
decomposition and G-phase, which resulted in 
aging resistance of the joints. YE et al [24] 
investigated the corrosion resistance of Al−Cu- 
brazed joints and slowed down the development of 
stress corrosion by adding Si. JANDAGHI et al [25] 

examined the corrosion behavior and microscopic 
characterization of explosion-welded Al−Cu 
dissimilar material joints. The effects of corrosion 
potential and concentration gradient on corrosion 
resistance were revealed. SAFARALI et al [26] 
investigated the effect of post-weld heat treatment 
on the corrosion performance of explosion welded 
interfaces of dissimilar material tubes. Additionally, 
dissimilar metals are also susceptible to galvanic 
corrosion due to the existence of electrode potential 
differences [27,28]. Concerning the study of joint 
corrosion aspects of EMPT, WANG et al [29] 
reported the corrosion performance of galvanized 
steel and Al welded joints to reveal the corrosion 
failure mechanism. The corrosion behavior of 
welding joints with Al−Fe was studied in a neutral 
salt spray environment by GENG et al [30]. The flat 
weld area was found to be galvanic corrosion. In 
contrast, the corrosion on the shear wave was 
mainly stress corrosion. However, the Al−Cu cable 
joints under the MPC process have significant 
variability in the connection form and 
microstructure from the above investigations. 
Hence, it is necessary to investigate the corrosion 
behavior and failure mechanism of Al−Cu cable 
joints under the MPC process. 

In the present study, the corrosion resistance of 
Al−Cu cable connection joints under different 
processes was investigated. The MPC joints under 
different process parameters and hydraulic clamp 
crimping (HCC) joints were tested in neutral salt 
spray corrosion tests. The corrosion behavior and 
performance degradation laws of MPC and HCC 
joints were investigated in comparison. The 
mechanism of corrosion pit formation inside and 
outside of the lap zone and the mechanism of 
corrosion product stripping and shedding were 
revealed. 
 
2 Experimental 
 
2.1 Materials 

Class A small-head DT70 Cu terminals 
according to GB/T 14315—2008 and three oxygen- 
free pure Al cables with cross-sectional areas of 50, 
70 and 95 mm2 (according to GB/T 12706.1—2020) 
were used. [31]. The outer diameter of its 
connection area is 15 mm and the inner diameter is 
12 mm. The Al cable is made of oxygen-free pure 
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Al. It has advantages of lightweight, good electrical 
and thermal conductivity, good corrosion resistance, 
and low price. The diameters of the Al cables are 
11.2, 9.8 and 8.0 mm, respectively. The diameter of 
the Cu terminal is 12 mm, which means that the 
crimp air gaps are 0.4, 1.1 and 2.0 mm, respectively. 
The cable was stripped to a length of 200 mm and 
inserted 41 mm into the terminal. The geometry and 
connection form of the cable joint specimen are 
shown in Fig. 1. The main performance parameters 
of pure Al and T2 purple Cu are shown in Table 1. 
 

 
Fig. 1 Geometry and connection form of cable joint 
specimen 
 
Table 1 Main performance parameters of pure Al and T2 
purple Cu 

Material Density/ 
(g·cm−3) 

Yield 
strength/ 

MPa 

Tensile 
strength/ 

MPa 

Young’s 
modulus/ 

GPa 
Al 2.7 55 136 70 

T2 Cu 8.9 90 300 110 

 
2.2 Joining process 

Al cables and Cu terminals were connected  
by two connection processes to compare their 
performance. The MPC process to join the Al cable 
and Cu terminal is shown in Fig. 2(a). The magnetic 
pulse generator generates a high-frequency pulse 
current and flows through the coil during the MPC 
process. The pulse current is induced in the field 
shaper at this time. The outer tube (Cu terminal) 
located inside the field shaper also generates an 
induced current. Cu terminal moves in the opposite 
direction of the field shaper by electromagnetic 
force and hits the inner tube (Al cable) at high 

velocity. As a result, mechanical locking (crimping) 
and even metallurgical bonding (welding) are 
achieved between the two metals. A double-turn 
coil of 500 mm × 500 mm × 40 mm with a distance 
of 10 mm between the two turns was used. The 
150 mm-diameter hole in the center of the coil was 
set up for the field shaper. The outer diameter of the 
magnet collector is 146 mm, the inner diameter is 
60 mm, and the thickness is 80 mm. The working 
area of the field shaper is 15.6 mm in diameter and 
10 mm in width, and the structure is a detachable 
type of counter-opening. The discharge energy of 
35 kJ was chosen to join three different sizes of 
Al−Cu cable joint based on the preliminary 
experiments. The subsequent joints are named as 
Type I, II, and III joints, respectively. 

The HCC process was used as the control 
group. The schematic diagram of the HCC process 
is shown in Fig. 2(b). A matched hexagonal die 
deforms the terminal neck inward, compressing the 
cable for the connection. The matched dies were 
applied to the crimping process. The whole process 
of compression was uniform and slow. Fixed 
pressure-holding for 1 min to prevent the Cu 
terminal deformation area from rebounding after the 
die was closed. The joint with a crimp gap of 
1.1 mm was selected for the study using the HCC 
process according to the national standard. This 
type of joint is subsequently referred to as Type IV 
joint. 
 
2.3 Neutral salt spray corrosion test 

The connected cable joints were placed in a 
salt spray machine (model Q-FOG CCT—1100) for 
a neutral salt spray corrosion test. The corrosion test 
conditions were set according to the ASTM B117 
standard: 5 wt.% NaCl solution, pH 6.5−7.2, and 
the temperature 35 °C. The samples were placed on 
the shelf during the test and the joints were 
overhung. Seven corrosion cycles of 0, 5, 10, 15, 20, 
30, and 40 d (corresponding to T0−T6, respectively) 
were set. Three samples were made for each cycle 
of different samples. The samples were cleaned, 
dried and stored under a vacuum with silicon 
dioxide for subsequent testing. 

 
2.4 Electrochemical corrosion performance test 

A three-electrode system was selected to 
investigate the corrosion behavior of metals. The 
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system consisted of a working electrode, where the 
electrochemical reaction occurred, a reference 
electrode to provide a stable reference potential, and 
a counter electrode to complete the circuit, as 
illustrated in Fig. 3(a). The working electrodes are 
MPC joints, HCC joints, Cu terminals and Al cables 
as shown in Fig. 3(b), and all of which were 
prepared by grinding and polishing. The inactive 
surfaces were encapsulated for protection. The 
counter electrode was made of platinum and the 
reference electrode was a saturated calomel 
electrode (SCE). A 3.5 wt.% NaCl solution was 
used for the electrolyte. Before testing, the 
electrodes were immersed in the electrolyte for 
approximately 15 min to stabilize the real-time 
potential. The tests consisted of open-circuit 
potential measurements at a scan rate of 2 mV/s 

with polarization curves in the potential range of 
−1.4 to −0.2 V (vs SCE). 

 
2.5 Performance evaluation and microscopic 

observation 
Specimens under different processes were 

evaluated by comparing both mechanical and 
electrical properties. Mechanical properties 
evaluated by quasi-static tensile testing. Tensile 
tests were performed on a microcomputer- 
controlled electronic universal testing machine 
(model SUNS UTM5605X). The tensile test 
conditions for all sample parts were at room 
temperature. The loading speed for tensile was   
set as 3 mm/min. Three repetitions of the same type 
of sample were performed. A clamping pad was 
added to the Cu terminal side to avoid additional 

 

 
Fig. 2 Schematic diagram of cable joint connection: (a) MPC process; (b) HCC process; (c) Overall shape and 
cross-sectional view of four types of joints 
 

 
Fig. 3 Electrochemical performance testing: (a) Three-electrode system; (b) Working electrode sample 
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torque and slippage during test. 
Microscopic observation of the sample was 

required for further study of the corrosion 
morphology and characterization of the micro- 
structure and interfacial composition after corrosion. 
Typical portions of the sample were cut off after 
corrosion, ultrasonically cleaned with an ultrasonic 
cleaner and kept in a drying oven for 2 h. The 
processed specimens’ surfaces and fractures were 
observed through an OLYMPUS 3D laser confocal 
microscope (model OLS5000), a scanning electron 
microscope (SEM, ZEISS Sigma HD) and energy 
dispersive spectroscopy (EDS), respectively. 
Moreover, a model SW−2000 resistance tester was 
applied to testing the electrical conductivity of 
joints in order to explore the difference in the 
electrical properties of joints. The distance between 
resistance test holders was fixed at 20 mm, with one 
clamped on the Al side at a distance of 5 mm from 
the Al−Cu junction. The other was held on the Cu 
side at a distance of 15 mm from the junction. 
 
3 Results and discussion 
 
3.1 Macroscopic corrosion behavior 

The macroscopic morphology of all types of 
cable joints (I, II, III and IV) after corrosion under 
different cycles of salt spray environment is 
presented in Fig. 4. The left side shows the front 
view of different types of joints, and the right side 
shows the back view. The whole cable can be 
separated into three parts: the Cu terminal free end, 
the Al cable free end and the lap zone. It can be 
seen that the corrosion degree became more and 
more obvious with the increase of the corrosion 
cycle. The free end of the Al cable shows a distinct 
white oxide layer on the surface of the Al cable in 
the early stages of corrosion. This is due to the 
following reaction in the exposure of Al to air:  
4Al+3O2→2Al2O3                                      (1) 
 

This dense oxide layer will have a certain 
protective effect. However, the oxide layer on the 
Al surface begins to be eroded and peeled off after 
10 d of corrosion. The oxide layer peels off most 
severely at 40 d. This is because the penetration of 
Cl− from the salt solution into the oxide layer destroys 
the damaged Al wire matrix. The insoluble oxide 
becomes a soluble chloride. Al is reacted anodically 
in air in a salt spray environment as follows:  

4Al→4Al3++12e                          (2)  
The most serious corrosion of the Al cable is 

observed at the lap joint with the Cu terminal. 
Severe corrosion pits appear in the later stages of 
corrosion. This is attributed to the formation of a 
Cu−Al primary battery at the contact site. Al is 
dissolved by losing electrons as the anode. Cu is 
protected by electrons as a cathode. Consequently, 
the dissolution of the Al cable is accelerated     
by the corrosive action of the primary battery.   
On the contrary, the Cu terminal does not corrode 
significantly under the protection of the primary 
battery. This can be demonstrated by the Al−Cu 
attachment site in the specimen shown in Fig. 4. 

In the initial stage of corrosion, the free end of 
the unprotected Cu terminal is exposed to moist air 
to form a liquid film on the surface. Meanwhile, 
surface contaminants increase the conductivity of 
the liquid film to accelerate the electrochemical 
corrosion process. This promotes the production of 
Cu2O, CuO and Cu(OH)2CO2 oxides on the surface. 
In summary, the patina produced by exposure to air 
is the product of reactions with substances such as 
O2, CO2 and H2O. The main chemical reaction 
equations are as follows:  
2Cu+O2→2CuO                          (3)  
4Cu+O2→2Cu2O                         (4) 
 
2Cu+O2+H2O+CO2→Cu2(OH)2CO2               (5) 
 

NaCl soluble salt particles are produced on the 
surface of Cu terminals exposed to salt spray as the 
corrosion cycle increases. The thin liquid coating of 
Cl− is produced on the Cu terminals due to the 
effect of condensation. With the accumulation and 
continuous invasion of Cl−, the Cu2O oxide layer in 
the thin liquid film is broken and converted to CuCl 
or 2CuCl− . Finally, the Cu2(OH)3Cl is produced by 
the following reaction: 
 
Cu2++H2O+2OH−+Cl−→Cu2(OH)3Cl         (6)  

In addition, it is worth noting that the free end 
of the Cu terminal has a different degree of green 
patina on the front and back sides. From Fig. 4, it is 
obvious that the patina on the back side is 
distributed in an irregular area. This is due to the 
cable being placed face-up in the salt spray chamber. 
As a result, the droplets adsorbed on the terminals 
gather on the back side, and converge into liquid 
and eventually drip off. The flow of liquid prevents 
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Fig. 4 Macroscopic morphology of cable joints with different corrosion cycles on both sides: (a) Type I; (b) Type II;   
(c) Type III; (d) Type IV 
 
the formation of patina. In addition, there are 
obvious traces of liquid flow on the backside. 

A comparison of several types of cable joints 
indicated that the crimp is not tight due to the small 
air gap in Type I. This results in the salt spray being 
more likely to invade the joint along the gaps in the 
lap area and less likely to collect at the lap. Hence, 
the corrosion level at the lap edge is small and the 

corrosion pits are smaller, but the corrosion inside 
the joint is more serious. Type II joints are tighter 
because they have a more suitable air gap. As a 
result, the joint provides a good airtight seal and it 
is difficult for salt spray to enter the interior of the 
joint lap area for corrosion. The salt spray droplets 
accumulate on the back of the interface, where 
primary cell corrosion mainly occurs. Hence, the 
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more obvious corrosion pits appear on the lap area. 
Type III joint has excessive air gap and high 
collision velocity. Al cable is prone to over-shearing. 
In addition, the stress concentration in the 
deformation zone is great, which makes it easy for 
stress corrosion to occur causing large areas of 
pitting. Furthermore, there are also effects of 
galvanic corrosion. Thus, the corrosion at the lap 
edge is greater and the corrosion pits are larger. 
Type IV joints are less airtight owing to the 
numerous gaps at the interface. A large amount of 
salt spray enters the interior of the joint, causing 
severe oxidation and corrosion inside the joint. In 
terms of macroscopic appearance, therefore, the 
corrosion at the lap joint of the Type II joint is more 
serious. This also demonstrates the good tightness 
of the Type II joints. 
 
3.2 Electrochemical corrosion behavior 

In the electrochemical performance testing 
section, the study compares the corrosion resistance 
between HPC and HCC joints, specifically focusing 
on the more compact Type II and Type IV joints. 
The magnitude of the open circuit potential (OCP) 
reflects the thermodynamic parameters of these 
sites in the joint corrosion system. Comparing   
the OCP of different joint areas allows for an 
assessment of their respective corrosion tendencies. 
Higher OCP values at the welds indicate a lower 
tendency for corrosion, meaning that they are less 
likely to corrode under natural conditions. 
Conversely, more negative OCP suggests a higher 
susceptibility to corrosion. 

Type II and Type IV joints were selected for 
comparison in the electrochemical performance 
testing to evaluate the corrosion resistance between 
MPC and HCC joints. Open-circuit potentials 
(OCPs) were measured at the centers of Al cables, 
Cu terminals, HCC, and MPC joints as illustrated in 
Fig. 5(a). These OCPs indicate thermo-dynamic 
parameters within the joint corrosion system and 
can be used to assess the corrosion tendencies of 
different joint locations. It is observed that the Cu 
terminals exhibit the highest OCP, while the Al 
cables show the lowest OCP. The OCPs of MPC 
joints are higher than those of the HCC joints, 
indicating a greater electronegativity in HCC joints 
relative to MPC joints. This electro-negativity 
predisposes the crimped areas of HCC joints to act 
preferentially as anodes in the corrosion system, 

leading to their higher susceptibility to corrosion. 
Figure 5(b) presents the polarization curves of 

both types of joints. It is observed that the corrosion 
potential of Cu terminals, HCC joints, and MPC 
joints are all higher than that of the Al base material. 
The specific electrochemical corrosion parameters 
of the work are detailed in Table 2. Specifically,  
the MPC joints demonstrate a higher corrosion 
potential and lower corrosion current density 
compared to hydraulic joints, indicating superior 
corrosion resistance. This enhanced performance is 
attributed to the higher proportion of Al base 
material in the joints, resulting in a lower overall 
corrosion rate compared to the Cu base material. 
 

 
Fig. 5 Electrochemical corrosion results of joint:      
(a) Open circuit potential; (b) Polarization curves 
 
Table 2 Electrochemical corrosion parameters for 
polarization curves 

Joint φcorr(vs SCE)/V Jcorr/(10−6 A·cm−2) 

Cu −0.963 2.954 

Al −1.403 2.009 

HCC −0.963 6.394 

MPC −0.785 2.285 
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3.3 Performance degradation  
The performance curves and failure samples of 

cable joints after different cycles of salt spray 
corrosion are shown in Fig. 6. The change in tensile 
strength of the Type I joint after corrosion is 
represented in Fig. 6(a). It is evident that the tensile 
load tends to increase and then decrease with the 
increasing cycles of corrosion. The tensile strength 
increases significantly during the first few corrosion 
cycles compared to the uncorroded specimen (T0 

stage). However, it starts to decrease in the T3−T5 
stage. Furthermore, it decreases rapidly in the T6 
stage. The maximum decrease is 5.82%. This is 
because salt spray invades the inside of the 
terminals during the first few corrosion cycles. Salt 
particles attach between the cable and the terminal, 
which leads to increased friction at the lap joint, 
thus increasing the peak loads. The shear load on 
the Al cable decreases as corrosion increases. The 
failure sample also indicates that the later corrosion  

 

 
Fig. 6 Performance change curves of cable joints with different corrosion cycles: (a−d) Load−displacement curves of 
I−IV joints, respectively; (e) Comparison of tensile load after corrosion; (f) Comparison of electrical resistance after 
corrosion 
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samples are cable fractures. In terms of electrical 
properties, the electrical conductivity properties are 
reduced with increasing corrosion cycles. The salt 
spray invaded the cable easily since the Type I 
joints are not sufficiently compacted. As a result, 
the resistance increases rapidly in salt spray 
environments. The resistance of the uncorroded 
specimen is 14.0 μΩ. After 40 d of corrosion, the 
resistance of the specimen increases by 15 times to 
210.2 μΩ. 

There are sufficient air gaps in the Type II and 
III joints to make the joints crimp tightly. This 
results in the rapid corrosion of Al cables due to the 
action of the primary battery. As a result, the change 
in tensile load tends to decrease. Moreover, the 
failure mode is all cables fractured. After 40 d of 
corrosion, the load of the Type II joint is reduced 
from the initial 8.1 to 6.1 kN (a 24.34% reduction). 
However, the electrical performance of the Type II 
joint is reduced less compared to the Type I. It 
increases from the initial 5.2 to 49.8 μΩ, an 
increase of 9.6 times. Type III joints exhibit poor 
corrosion resistance due to a large air gap, which 
leads to over-shearing of the Al cable at the 
interface. After 40 d of corrosion, there is a 39.11% 
decrease in tensile load from 5.7 to 3.5 kN. The 
resistance increases from 5.6 to 49.6 μΩ. 

After 20 d of corrosion of the Type IV joint, 
the failure mode changes from pull-off to cable 
fracture of the Al cable. This is due to severe 
erosion of the inner surface of the Al cable in the 
lap joint area. Besides, the electrical performance is 
severely degraded as the corrosion cycle increases. 
The change in tensile strength is more stable after 
40 d of corrosion in a salt spray environment. 
However, the resistance rises from 97.2 to 
1316.5 μΩ (a rise of approximately 14 times). 

It is worth to note that the slopes of the tensile 
curves of the corroded joints are higher than those 
of the uncorroded specimens (see Figs. 6(a−d)). 
This is attributed to the presence of oxides and salt 
particles after corrosion, which increases the 
stiffness of the joints and makes the cable stiffness 
rise. Besides that, the non-lap zone of the cable 
joints exhibits different corrosion characteristics. 
The lap zone is protected by Cu due to the primary 
battery as mentioned above, and Al suffers severe 
corrosion. However, a dense oxide layer Al(OH)3 is 
formed on the Al surface at the free end, which has 
some inhibition effect on corrosion. In contrast, Cu 

exposed to air is more susceptible to oxygen 
absorption corrosion. The formation of loose 
corrosion products on the surface accelerated the 
entry of H2O and O2, making Cu more susceptible 
to corrosion. 
 
3.4 Corrosion pit depth 

The ultra-depth microscope was used to profile 
two different processes (Types II and IV) of joints 
under the same specification in order to obtain an 
accurate picture of the shape and depth of corrosion 
pits on the Al cable. The generated 3D cloud image 
is shown in Fig. 7. The scanned Al cable exhibits 
surface noise on both sides due to the fact that its 
outer contour is a twisted and deformed cylinder. 
Therefore, this position should be avoided during 
data measurement. 

From the corrosion morphology of the two 
joints, it can be found that the corrosion pits are 
deeper and deeper as the corrosion cycle is 
extended. Furthermore, the most obvious corrosion 
occurs at the location where Al and Cu converge. It 
is attributed to the galvanic corrosion reaction at 
this location. However, the corrosion pits of Type II 
joints are more pronounced than Type IV joints. 
The reason for this phenomenon is that Type II 
joints are better sealed. It is hard for the salt spray 
to enter the joint and it gathers at the junctions. As a 
result, it can provide good internal protection to the 
joint. On the contrary, the salt spray can easily enter 
the Type IV joints and erode the inside of the  
joints. Hence, the electrical performance decreases 
significantly after several corrosion cycles. 

The deepest locations of corrosion pits at 
different corrosion cycles were selected for 
measurement and recorded by observing 3D scan 
cloud images. The corrosion cycle−corrosion pit 
depth variation curves are illustrated in Fig. 8. 
Since Type II joints have the tightest bonding, the 
Al and Cu of the joints are in close contact to form 
a primary battery, which results in rapid galvanic 
corrosion. As a result, Type II joints corrode faster 
at the beginning of the corrosion process than Type 
IV joints, which are not in close contact. The slope 
of the curve begins to decrease slowly in the later 
stages of corrosion. This is due to the large number 
of corrosion products generated at the interface that 
prevented Cl− from entering the corrosion pit, 
which slowed down further erosion to some extent. 
In contrast, the corrosion pattern of Type IV joints  
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Fig. 7 3D cloud images of Al cable corrosion at interface of Al−Cu cable joint under different corrosion cycles:      
(a) Type II joints; (b) Type IV joints 
 

 
Fig. 8 Maximum corrosion pit depth on Al cable with 
variation of time  
 
is linear. This is due to the fact that the joints are 
not tight enough, causing the salt spray to have 
difficulty collecting in the joints. The salt spray 
flows freely inside the terminal. Consequently, the 

Al cable is exposed to a relatively uniform salt 
spray attack. Additionally, it is found that after 40 d 
of corrosion, the maximum corrosion pit depth of 
Al cable reaches nearly 1600 μm. This indicates 
that the cable has almost failed (a single Al    
wire has a diameter of about 2000 μm). Therefore, 
it is necessary for engineering application and 
industrialization to obtain the evolution rules of 
corrosion pit depth and corrosion time, and thus to 
predict the service life. 
 
3.5 Corrosion fracture 

SEM and EDS analyses were performed to 
investigate the post-corrosion surface and fracture 
morphology, as well as corrosion products, of 
Al−Cu cable joints. Three typical locations were 
selected from the pull-off Type I joint for 
observation: the inner surface of the Cu terminal, 
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the outer surface of the Al cable and the corrosion 
pit of the Al cable. The observation position 
schematic diagram and surface morphology are 
shown in Fig. 9. It is notable that the positions of 
Figs. 9(a, c) correspond to each other. It can be seen 
in Fig. 9(a) that the pulled-off Al cable is attached 
to the smooth surface of the Cu surface. 
Observation of the Al layer reveals that the surface 
is covered with transverse and longitudinal 
microcracks as well as bright white corrosion 
products. This is due to the residual stresses caused 
by the peeling and corrosion of the Al cable during 
the tensile process, which leads to the generation of 
microcracks in all directions. While the Cu terminal 
is cathodically protected, the surface condition is 
well and no cracks are found. Figure 9(b) shows the 
morphology of corrosion pits at the lap joint. From 
the magnified view, it can be seen that the corrosion 
morphology is pitting tiny corrosion pits. This is  
the formation of Al cable corrosion products of 
pitting corrosion. Figure 9(c) presents the surface 
morphology of the pulled off Al cable. The rough 
surface is the fracture of the Al cable after stripping 
under tensile stress. A large number of microcracks 
and bright white oxides are also found. There    
are also plenty of scratches along the stress 
direction. 

The SEM images of the tensile fractures of the 

Al cables with Type II and III joints after 10 d of 
corrosion are given in Fig. 10. It is observed that 
the inside of the Al cable also suffered from      
a certain degree of corrosion. This is mainly 
attributed to the existing gap between the core wires 
and the galvanic couple corrosion at the joint lap. 
The corrosion of the outer surface makes it easy for 
the salt spray droplets to penetrate inside and causes 
the corrosion of the inner core wire. The fracture 
morphology after corrosion appears with a large 
number of equiaxed dimples and shear dimples in 
the transient fracture region. It is noticed that stress 
cracking is present in the isometric dimples, as 
illustrated in Areas 1 and 3. Corrosion cracks are 
accelerated under tensile stress. The rate of initial 
corrosion microcrack expansion is accelerated. The 
fracture morphology of the lateral side of the Al 
core wire shows a dry riverbed-like appearance due 
to salt spray erosion between the wires as well. A 
large number of cracked fragments are found, as 
shown in Area 2. In addition, the shear dimples 
appear in the peripheral cables during the tensile 
process, as shown in Area 4. 

The SEM images of the tensile fracture of the 
Al−Cu cable joints under the MPC process after 
20 d of corrosion are shown in Fig. 11. A similar 
phenomenon to the mentioned fracture morphology 
of the 10 d corroded Al cable is observed. Snow- 

 

 
Fig. 9 SEM images of failure surface of Type I joints after 10 d of corrosion: (a) Inner surface of Cu side of lap area;  
(b) Corrosion pits of Al along edge of lap area; (c) Outer surface of Al side of lap area 
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like sparse tissue (Area 5), isometric dimples (Areas 1 
and 6), shear dimples (Area 7), large cracking 
phenomena (Areas 2, 3 and 8), numerous corrosion 

microcracks (Area 9) and stress cracking 
phenomena (Areas 4, 5 and 8) are found. It is 
observed that only the fracture of the joint with an 

 

 

Fig. 10 SEM images of tensile fracture of Al cables in MPC process after 10 d of corrosion: (a) Type II; (b) Type III 
 

 
Fig. 11 SEM images of tensile fracture of Al cables in MPW process after 20 d of corrosion: (a) Type I; (b) Type II;   
(c) Type III 
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air gap of 2.0 mm exhibits shear dimples, as shown 
in Area 6 in Fig. 9(b) and Area 7 in Fig. 11(c). As 
corrosion continues, the shear dimples are 
transferred from the outer to the inner. Besides, the 
phenomenon is correlated with the degree of 
corrosion and force state of the joint. The corrosion 
pits of the Al cable are larger degree of corrosion, 
which leads to a greater degree of one-sided tilting 
of the joint occurring during the tensile process. 
The change in the proportional distribution of the 
positive and tangential stresses to which part of the 
core causes the shear dimples to move inward. 

The SEM images of the tensile fracture of the 
Al cable of the MPC joints after 40 d of corrosion 
are given in Fig. 12. The degree of corrosion of the 
Al in the joint is great at this state. Some of the Al 
cables in the Type III joints have even failed by 
natural corrosion fracture. It is evident from 
Fig. 12(a) that little signs of ductile fracture (i.e., 
the presence of dimples) are still present in the 
fracture of the Type I joint. Large pieces of cracking 
as well as stress corrosion cracking are observed in 
both the frontal and lateral fractures of the Al 
(Areas 1, 2 and 3). The size of the equiaxial and 
shear dimples in the transient fracture zone tends to 
decrease gradually with increasing corrosion cycles 
according to Figs. 10−12. Moreover, increasingly 
severe cracking is observed: the cracks grow and 
the corrosion pits become more widespread and 
extensive. The reason for this is the presence of 
residual stress inside the joints after corrosion. 
When the cable breaks in tension, cracks appear 
under the combined action of tensile and residual 

stresses. The longer the corrosion cycle is, the 
greater the residual stresses generate inside the 
cable, which leads to faster and severer crack 
expansion after stretching. 

Peeling is highly likely to occur during 
corrosion due to the aluminum cable being 
squeezed during the joining process, so that the 
cable texture is elongated [32−35]. The evolution of 
the law of pitting corrosion → intergranular 
corrosion → peeling thus leads to snow-like 
corrosion material, peeling, chalking and other 
phenomena. Both the intensification of cable 
spalling and the accumulation of residual stress can 
significantly affect the performance of the cable 
joints. Additionally, a gradual increase in reflective 
bright white areas is also observed. This may    
be the corrosion process to generate non-conductive 
Al oxide, Al hydroxide, sodium meta-aluminate, 
sodium feldspar and other corrosion products. 

The corrosion performance of the joint is also 
affected by the air gap. Better sealing of the joint 
can be achieved when the air gap increases. 
However, the severe extrusion of the aluminum 
cable leads to severe grain deformation. The grain 
elongation is more vulnerable to the influence of 
external thrust from corrosion products. This leads 
to the appearance of severer pitting, cracking, and 
laminar corrosion. 

The corrosion state of Cu terminals also affects 
the joint performance. Hence, the microscopic 
corrosion morphology of the connection end 
surfaces of the Cu terminals was observed by SEM 
(see Fig. 13). It can be seen that the Cu terminal end 

 

 
Fig. 12 SEM images of tensile fracture of Al cables in MPW process after 40 d of corrosion: (a) Type I; (b) Type II;   
(c) Type III 
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face appears as deformation lines obviously. These 
are the wrinkles produced by extrusion and 
shrinkage. Furthermore, a large number of micro- 
cracks and pinpoint corrosion products are found on 
the Cu terminals when Area 1 is observed under 
high magnification. The corrosion becomes more 
aggressive as the corrosion cycle increases. 
Adhesive loose porous corrosion products (Area 2) 
and separated loose porous corrosion products 
(Area 3) are found. It indicates that the end face of 
the Cu terminal is not completely cathodic protected 
by the Al cable. This may have some effect on the 
electrical performance of the cable joints. 

The corroded Al cable was analyzed by EDS 
surface scan to further study the corrosion products 
and element distribution during the corrosion 
process. The results are illustrated in Fig. 14. The 
EDS elemental analysis shows the presence of 
elemental chlorine on all corroded surfaces, which 
implies the formation of AlCl3 after corrosion. The 
atomic distribution of the elements shows that Al 
has the highest atomic content, followed by O. This 
is due to the oxidation and corrosion of Al wire in 
the salt spray environment to produce Al(OH)3  
and Al2O3. However, the results show that the 
proportion of Al atoms increases and the proportion 
of oxygen elements decreases as the corrosion cycle 
increases. This is mainly due to the more serious 
corrosion of Al cable, resulting in the surface of the 
cable peeling, and chalking phenomenon. As these 
corrosion products are loosely attached to the cable 
surface, ultrasonic cleaning easily removes them. 
Thus, the fresh pure aluminum inside is exposed. 

This is confirmed by the deepening of the green 
color in Fig. 14. 

The fracture morphology of the Al cable after 
tensile failure is presented in Fig. 14(d). It can be 
found that the bright white corrosion product of the 
fracture is mainly Al(OH)3 according to the 
elemental atomic content. Al cable experiences 
stress corrosion cracking during breakage, with 
large amount of chloride ions adsorbed on the 
surface and in the cracks. In addition, fracturing and 
cracking occur under internal stresses during 
pull-off and stripping. Corrosion products become 
fragmented and fluffy. 

The surface morphology of the corrosion pits 
at the junction and free ends was observed by SEM 
in order to compare and analyze the effects of stress 
corrosion and galvanic corrosion on the cable. The 
Type II joints with 10 and 40 d of corrosion were 
selected for observation. Figures 15(a, b) illustrate 
the corrosion pits. Figures 15(c, d) show the free 
end morphology. First of all, it is obvious that no 
matter which position, the corrosion cycle increases 
with the corrosion degree more and more obvious. 
Comparison of the corrosion at different locations 
reveals that the corrosion at the junction of 
corrosion pits is much greater than the surface    
of the free end of the Al cable under the action of 
galvanic corrosion. Moreover, it is found that under 
galvanic corrosion more regular microcracks and 
dense tiny corrosion pits appear. Instead, the free 
end of Al exhibits spalling and irregular cracks on 
the surface as illustrated in Area 1 due to the stress 
corrosion effect. 

 

 
Fig. 13 SEM images of Cu terminals along edge of lap zone of Al−Cu joints at different corrosion cycles: (a) 10 d  
(Type III); (b) 20 d (Type II); (c) 40 d (Type II) 
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Fig. 14 EDS scan results of corrosion pits and fractures in Al cable: (a) Type I, 10 d; (b) Type II, 20 d; (c) Type II, 40 d; 
(d) Type III, 40 d 
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Fig. 15 SEM images of different locations of Al cable after corrosion: (a, b) Corrosion pits at junction; (c, d) Free end 
surface 
 
3.6 Corrosion mechanism 

A comprehensive analysis of the above can 
summarize the corrosion and failure mechanism of 
Al−Cu cable joints under a neutral salt spray 
environment, as shown in Fig. 16. The initial state 
of the cable joint without corrosion is illustrated in 
Fig. 16(a). The corrosion process actually has 
several parts suffering from erosion: Al cable 
exposed area, Cu terminal exposed area and Al−Cu 
lap area. All three areas are subjected to the erosive 
effect of salt spray and produce the corresponding 
oxides. CuO (black), Cu2O (brick-red), Cu2(OH)2CO2 
and Cu2(OH)3Cl (green) are generated on the Cu 
exposed area of the Cu terminal after corrosion. The 
change process is shown in Fig. 16(d). However, 
there is no obvious corrosion mark, only tiny 
corrosion pits appear, as shown in Fig. 16(d′). 

In contrast, Al cables exhibit relatively severe 
corrosion when exposed. There are two main 
reasons. First, the wire material is pure Al, which is 
not inherently resistant to corrosion. Furthermore, 
the salt spray easily invades when the corrosion 
cycle is extended to destroy the protective role of 
the Al oxide layer for further corrosion. The 
corrosion process is illustrated in Fig. 16(b). Second, 
the salt spray pool of water drips will flow down 
from the free end of the cable due to the low 
location. It causes the accumulation of a large 
number of corrosion products at its end, which will 
be destroyed after a certain amount of buildup, thus 
generating large residual stress inside the Al. Hence, 

a large number of smaller corrosion pits and cracks 
appear on Al due to stress corrosion, as illustrated 
in Fig. 16(b′). 

The corrosion process of the lap area is shown 
in Fig. 16(c). The overlap area is mainly subjected 
to galvanic corrosion. Additionally, the hydrolysis 
reaction and stripping phenomenon accelerate the 
corrosion of Al cable to promote the formation of 
corrosion pits. Hence, the corrosion process 
consists of two main parts. The first part is in the 
early stages of corrosion, and a dense oxide layer is 
formed on the surface of the Al cable near the lap 
zone. When corrosion further continues, the salt 
spray will adhere to the cable and collect as droplets 
due to the difficulty of salt spray entering the 
well-sealed joint. Al dissolves into Al3+ under the 
action of Cl−. Moreover, the accumulation of Al3+ 
attracts the external Cl− to migrate inwards, and the 
Al3+ undergoes a hydrolysis reaction to form 
Al(OH)3 at the later stage. At the same time, the 
hydrolysis reaction leads to acidification in the 
vicinity of the lap area, which further promotes the 
dissolution of Al. This corrosion phenomenon 
continues to lead to a deepening of the corrosion pit 
and finally the Al wire fractures. The second part is 
the galvanic corrosion of the Al−Cu primary battery. 
Since Al has a low corrosion potential, the anode 
loses electrons and Al is dissolved in the cell while 
Cu is protected from electrons. These two corrosion 
effects simultaneously promote the formation of 
deep corrosion pits, as depicted in Fig. 16(c′). 
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Fig. 16 Corrosion process diagram of cable joint: (a) Initial state without corrosion; (b, b′) Corrosion process of Al cable away 
from lap zone; (c, c′) Corrosion process of Al cable in lap zone; (d, d′) Corrosion process of Cu terminal away from lap zone 
 
 
4 Conclusions 
 

(1) The EDS results show that the main 
products of Al cable corrosion are Al(OH)3 and 
Al2O3. Cu terminal surface pitting corrosion 
products are Cu2O, CuO, Cu2(OH)2CO2 and 
Cu2(OH)3Cl. Furthermore, electrochemical test 
results demonstrate that MPC joints offer superior 
corrosion resistance compared with HCC joints. 

(2) The accumulation of corrosion products 
within the joint increases internal tensile friction. 
This results in an increase in the tensile strength of 
Type IV joints. However, this buildup also causes a 
sharp rise in the contact resistance of the cable  
joint, which increases from 97.2 to 1316.5 μΩ. 

(3) The life trend indicates that during the first 
20 d of corrosion, the depth of the corrosion pits in 
Type II joints increases rapidly to 1400 μm and 
stabilizes between 20 and 40 d, slowly increasing to 
1600 μm. In contrast, the depth of the corrosion pits 
in Type IV joints increases linearly. 

(4) The analysis of corrosion products and the 
stripping mechanism reveals that the joints are 
primarily subjected to a combination of stress 
corrosion and galvanic corrosion, which together 
contribute to cracking and stripping phenomena. 
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摘  要：比较铝电缆和铜端子接头在磁脉冲压接(MPC)和液压钳压接(HCC)条件下的耐腐蚀性能。通过力学和电

学性能评估性能退化的情况。此外，通过电化学测试分析接头的腐蚀行为。使用扫描电子显微镜(SEM)和能量色

散光谱(EDS)对其进行微观表征。结果表明，腐蚀接头的抗拉强度降低。然而，由于 MPC 独有的高速成形和接触

紧密性优势，腐蚀接头的接触电阻仍然保持良好。电化学测试表明，MPC 接头具有更高的腐蚀电位和更小的腐蚀

电流，表现出更好的耐腐蚀性。铝和铜在搭接处形成了原电池，导致形成更严重的腐蚀坑。 
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